We have investigated the atomic and electronic structure of the !√3 × √3% 30° 
Introduction
The future success to push next generation information technology devices towards the two-dimensional (2D) limit critically depends on our ability to manipulate and control material properties on ever smaller lengthscales, ultimately within a single atomic layer. In this regard, the material class of graphene and its analogs silicene, germanene and stanene are highly promising as they are predicted to be producible in atomically thin films that exhibit exceptional electronic properties. 1, 2 However, the possibility to optimize these materials for applications is rather limited as they consist only of one element and preferentially form honeycomb like structure. In contrast, binary systems such as surface alloys consisting of two different elements are much more flexible. Importantly, multiple immiscible elements in their bulk phase can easily form a stable alloy phase upon surface alloying 3 and offer a unique way to tune the geometric and electronic properties of the 2D material system according to the desired functionality [4] [5] [6] [7] [8] [9] [10] [11] [12] .
For this reason, extensive efforts were devoted to study the electronic properties of 2D surface alloys formed on noble metal surfaces. For fcc(111) surfaces, the combination of heavy metal atoms such as Bi, Pb, Sn, and Sb and noble metal host materials results in the formation of long-range ordered !√3 × √3% 30° superstructures in which each third noble metal surface atom is replaced by a heavy metal atom 6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] 11 . Most interestingly, the hybridization between both materials results in the formation of a novel 2D surface band structure showing a hole-like Rashba type spin-split state 4, 7, 28 . The magnitude of the Rashbatype spin splitting thereby depends crucially on the strength of the atomic spin-orbit coupling of the alloy and the host material, on the orbital character of the 2D hybrid band structure [29] [30] [31] [32] , as well as on the potential landscape of the surface layer 19, 33, 34 . The latter is determined by the structural properties of the alloyed layer, in particularly, by the vertical relaxation of the alloy and host atoms as well as by a potential reconstruction of the entire surface. All these externally controllable parameters offer a highly flexible way to tune 2D materials properties for spintronics applications. [6] [7] [8] [9] However, a comprehensive understanding of such surface alloys is still lacking, despite the tremendous amount of experimental and theoretical studies in this field. 3 In this work, we will focus on a SnAu2 surface alloy formed on a Au(111) single crystal surface. The Au(111) substrate is of particular interest for several reasons. On the one hand, it was recently shown that several elements such as Na, Pb, Ce, La, and Gd can form highly interesting surface alloys on Au(111) with Moiré pattern (i.e. complex surface reconstruction) and even with a 2D ferromagnetic phase. [35] [36] [37] [38] [39] [40] [41] On the other hand, the intrinsically large spinorbit coupling (SOC) of Au in comparison to Cu or Ag is expected to lead to an enhanced spinsplitting of the band structure for any alloy formation on the Au surface. In fact, a significantly enhanced Rashba splitting was recently reported for the AuPb/Pb(111) surface alloy. 40 In this work, we first report on the lateral order of the SnAu2/Au(111) surface alloy.
Using low energy electron diffraction (LEED) and scanning tunneling microscopy (STM), we find the formation of a well-ordered !√3 × √3% 30° alloy superstructure which does not lift the herringbone reconstruction of the Au(111) surface. The occupied and unoccupied electronic structure of the SnAu2 surface alloy is investigated by conventional angle-resolved photoemission spectroscopy (ARPES) and angle-resolved two-photon photoemission spectroscopy (AR-2PPE) techniques 27, 43 . We find the formation of new surface states in the occupied as well as the unoccupied part of the surface band structure. Most importantly, we reveal that the occupied hybrid surface state shows a hole-like parabolic dispersion with significant Rashba-type spin splitting that is comparable to the splitting of the Au(111)
Shockley surface state. The experimental results are discussed in the light of density 4 functional theory (DFT) calculations which allow us to reveal the origin of the spin-splitting of surface bands of the Sn-Au surface alloy.
Methods
All sample preparation steps and experiments were performed under ultrahigh vacuum conditions. The Au(111) surface was prepared by repeated sputtering and annealing
cycles. The quality of the clean surface was confirmed by the existence of sharp diffraction spots that correspond to the well-known Au-herringbone reconstruction in LEED (see Fig.   1 (a)), and by the appearance of the Rashba splitting of the surface state in ARPES.
44
Subsequently Sn (purity 99.9999%) was deposited onto the clean surface at an elevated sample temperature of about 650 K using a water cooled evaporator in which a PBN crucible containing Sn was heated to nearly 1100 K. 45, 46 During the evaporation, the pressure remained better than 5x10 -10 mbar. The success of the sample preparation was confirmed by LEED. All photoemission, LEED and STM experiments were performed in separate chambers at room temperature with base pressures better than 2x10 -10 mbar. Conventional ARPES experiments were performed using a Specs 150 hemispherical analyzer using He I light sources and the fourth harmonic of a Ti:Sa laser (5.9 eV). The unoccupied electronic structure was investigated with AR-2PPE with the second harmonic of the Ti:Sa laser at energies of 2x 3.1 and 2x 2.95 eV. The p-polarized beams from the laser were used at an incident angle of 45° with respect to the analyzer's optical axis. The total energy and angular resolution was determined to be better than 80 meV (as a result of combination of light source, analyzer settings, and room temperature measurements) and 0.3°, respectively. All STM measurements were performed using a chemically etched and in-situ sputter-annealed tungsten tip. 47, 48 The STM images were recorded in constant current mode and subsequently processed using WSxM software. 49 The density functional theory calculations were performed using the Vienna Ab-initio Simulation Package (VASP) 50 . The interactions between the valence electrons and ion cores were described by the projector augmented wave method 51, 52 . The electron exchange and correlation energy was treated by the generalized gradient approximation with the PerdewBurke-Ernzerhof functional 53 . The kinetic energy cutoff of the plane-wave basis was set to meV to match the ARPES data.
Experimental Results
We start our discussion with the atomic structure of the SnAu2/Au(111) surface alloy.
The LEED pattern of the clean sample surface is shown in Fig. 1 The second obvious difference between our findings and those of the surface alloys formed on Cu(111) and Ag(111) is the existence of the herringbone surface reconstruction.
Similar surface reconstructions or Moiré pattern are commonly reported for various elements (Na, Pb, Ce, La, and Gd) forming a R3 phase on an Au(111) substrate [35] [36] [37] [38] [39] 41 . This indicates that the surface stress of the reconstructed Au(111) surface is not substantially modified by the adsorption of alloy atoms. 58 In particular, the persistence of the herringbone reconstruction upon the adsorption of Sn will have important consequences for the properties of the surface alloy. On the one hand, the surface reconstruction can result in an additional in-plane surface potential gradient which would strongly enhance any Rashba-type spin-splitting of the Sn-Au surface alloy band structure. On the other hand, the high reactivity of the elbows and the point dislocations of the herringbone reconstruction can act as nucleation centers for the growth of organic and inorganic adsorbates on this functionalized surfaces [59] [60] [61] [62] or can influence the efficiency of surface-induced chemical reactions.
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We now turn to the electronic structure investigated by photoemission spectroscopy.
Upon the adsorption of Sn on Au(111), the Rashba-type spin-split surface state of Au (111) 44 7 is totally suppressed and replaced by a set of new hole-like parabolically dispersing bands around the Γ -point that are marked as S1 and S2 in Fig. 2 respectively. Such a momentum space shift of the newly formed alloy surface state has been observed for various surface alloys such as Pb, Bi, and Sb on Ag(111) and Cu(111) 6, 7, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] 33, 34, 68 and is characteristic for a Rashba-type spin splitting of the alloy surface state 4, 7, 28, 44 . However, our results are qualitatively different compared to the Sn-Ag surface alloys, for which no Rashba-type spin-splitting was observed 18 . The results of our quantitative analysis of the dispersions of S1 and S2 is shown in Fig. 2h . Fitting allows us to estimate the Rashba parameter for both bands using the relation aR= ħ However, as will discussed in the following, our DFT results reveal the band crossing for S2 around 2.5 eV above EF. Therefore, we will focus in our quantitative discussion on the In the second part of our ARPES study, we address the occupied and unoccupied band structure of the R3 phase using different laser light sources. To investigate the unoccupied band structure, we have performed monochromatic AR-2PPE measurements using a photon energy of hn1=2.95 eV. The corresponding AR-2PPE data are shown in Fig. 3(b) . In addition to the band S1 observed in conventional ARPES, we find two additional sets of bands around the Γ --point that are labeled as S3 and S4. Note that S1 still contributes to the AR-2PPE data due to a strongly detuned transition from the occupied initial state S1.
In order to confirm that both features S3 and S4 are signatures of the unoccupied band structure and not initial or final state effects of the 2PPE process, we repeated the AR-2PPE measurement with another photon energy of hn2= 3.1 eV. A closer look at the AR-2PPE data reveals that the kinetic energy of S1 shifts by 2×│hn1─hn2│ as expected for an occupied band.
In contrast, the kinetic energy of S3 and S4 increases by 1×│hn1─hn2│ indicating that S3 and S4 are bands of the unoccupied part of the band structure. However, the origin of both bands is still not unambiguously clear. At first glance, it seems likely that S3 and S4 are two Rashbatype spin-split parabolic bands that are shifted by a constant value in momentum space. This question will be addressed in the following by DFT calculations.
Band structure calculations based on DFT
To gain insight into the origin of the Rashba-type spin splitting of the band S1, we now turn to our density functional theory band structure calculations. We start our discussion with the surface band structure projected onto the topmost SnAu2 surface alloy layer along the ΓM′K -------direction of the surface Brillouin zone shown in Fig. 4 . We can clearly identify all four experimentally observed hole-like bands S1, S2, S3, and S4 in our calculations even without considering SOC (Fig. 4(a) ). S1 appears as a single band centered at the Γ --point of the surface 9 Brillouin zone and shows a hole-like parabolic dispersion in agreement with our experiment.
In the unoccupied part of the band structure, we find two bands with almost linear dispersion.
These bands qualitatively resemble the dispersion of both features S3 and S4 observed in our AR-2PPE experiment (Fig. 3(b) and 3(c) ). The finite energetic difference of S3 in DFT and the AR-2PPE experiment (approx. 0.5 eV) can be attributed to the unaccounted self-energy correction in the DFT calculations for unoccupied states, which is frequently observed when comparing experiment and DFT 72, 73 . Despite this quantitative difference, the mere existence of two separated bands S3 and S4 in our DFT calculation without SOC allows us to conclude that S3 and S4 are not two branches of the same Rashba-type spin split state, but rather two individual bands.
When SOC is included in the DFT calculations, we find only marginal, but characteristic changes in the surface band structure of the SnAu2 surface alloy as shown in Fig. 4(b) . S1 splits into two parabolic sub-bands which are symmetrically displaced from the Γ --point by about 0.2 Å -1 at the Fermi level. The calculated band structure perfectly describes the experimentally observed band dispersion of S1 with its momentum offset of about 0.2 Å -1 . It also clearly reveals the characteristic fingerprint of a Rashba-type split surface state which becomes even more evident when considering the spin-character of the branches of S1 in the spin-resolved band structure in Fig. 4(c) and its inset. The latter was extracted from our DFT calculation with SOC and the red and blue dots indicate the spin-character of the corresponding bands projected onto two opposite spin orientations in the surface plane. We find that both branches of S1 possess opposite spin directions as expected for Rashba type splitting 4, 7, 74 .
In contrast, we do not observe a significant splitting of S2, S3 and S4 along the ΓM′K -------direction, nor a clear spin-polarization of these bands when including SOC in our calculation.
For the unoccupied bands S3 and S4, this finding is completely in line with our AR-2PPE data and hence again confirms that S3 and S4 are two distinct bands and not two (spin-polarized) branches of the same band. While our calculation is able to qualitatively describe the dispersion of S2, it fails to predict the splitting of S2 in two parabolic sub-bands along ΓM′K -------direction observed in our ARPES experiment, Fig. 2 
(b) and (c).
This discrepancy between experimental data and theoretical predictions for S2 can be resolved when considering the result of our band structure calculation along the ΓK′M -------10 direction. The corresponding spin-integrated and spin-resolved surface projected band structures are shown in Fig. 4(d) and (e). Most interestingly, the spin-splitting of the surface alloy hybrid bands S1 and S2 along the ΓK′M -------direction is exactly opposite compared to the ΓM′K -------direction discussed above. While S1 no longer reveals any spin splitting along the ΓK′M -------direction, the spin degeneracy of S2 is lifted along this high symmetry direction. Our band structure calculations shows a clear sub-band splitting for S2 with a maximum value of Δkǁ ≈ 0.03 Å -1 at a binding energy of -1.2 eV, see inset in Fig. 4(e) . This different spin splitting of the hybrid bands S1 and S2 along both high symmetry directions can be attributed to a hexagonal warping of the Fermi contour which has already been observed for spin-textured surfaces states in topological materials and Rashba-type surface alloys 13, 32, [75] [76] [77] [78] [79] [80] [81] . In our adsorbate system, the Fermi surface warping can be explained by the threefold (p3m1) symmetry of the SnAu2/Au(111) surface alloy with an additional in-plane inversion asymmetry 13, 79 leading to the Fermi contour of S1 and S2 as schematically shown in Fig. 4 (f).
Although our band structure calculation reveals a characteristic spin-splitting of S1 and S2 in different high symmetry directions in momentum space, it cannot explain the isotropic momentum space splitting of S1 and S2 observed in our ARPES experiment. This final deviation between experiment and theory is attributed to the herringbone reconstruction of the surface layer of the SnAu2 surface alloy which is not considered in our DFT calculation.
The vertical corrugation of the (22×√3) herringbone reconstruction results in a uniaxial inplane anisotropy of the surface which lowers the symmetry of the surface from a six-fold symmetry of the SnAu2 superlattice to a two-fold symmetry. This reduction of the alloy surface symmetry together with p3m1 symmetry of the Au(111) substrate leads to an azimuthal averaging of the Fermi surface and hence to an identical band structure of S1 and S2 for both high symmetry directions of the surface Brillouin zone.
Discussion
The generally good agreement between experiment and theoretical calculations further allows us to identify the individual orbital character of the hybrid bands S1, S2, S3 and (corresponding to the ΓK′M -------direction in momentum space) as shown in Fig. 2(g) , respectively.
The positive z-axis marking the direction of the surface normal towards the vacuum. We find that the spectral features of all orbitals oriented in the surface plane (x-, y-direction) are the dominant orbitals of S1-S4 and their relative contributions are almost identical.
For both ΓM′K -------and ΓK′M -------high symmetry direction ( Fig. 5(a) - (e) % smaller compared to the corresponding values along ΓM′K -------direction [≈10 % (Fig. 5(f, top)) vs. ≈20 % (Fig. 5(f, bottom) )]. This significantly smaller d-band contribution to S1 is hence responsible for the neglectable spin-splitting of S1 along the ΓK′M -------direction.
Similarly strong contributions of d-like orbitals to the Rashbas-type surface states have also been reported for the spin-split surface state of the bare Au(111) surface and have been identified as one of the main ingredients for its spin-splitting 29, 30, 42, 82 . Theoretically, it was 12 even shown that the surface state of Au(111) consists of sp-like bands (50 % of s-and 80 % of pz-orbitals) with significant contributions of dz 2 , dxz, dyz orbitals (in total 30─50 %) 29, 30, 42, 82 . In analogy, we can also conclude that the spin-splitting of the Sn-Au hybrid band S1 is mainly caused by the strong atomic spin-orbit coupling of Au as well as by the mixing of d-orbitals of Au with s-orbitals of the alloy atom Sn.
Interestingly, the existence and absence of the spin-splitting of S2 is completely opposite to the one of S1 for both high symmetry directions ΓM′K -------and ΓK′M -------, i.e., S2 is spindegenerated along the ΓM′K -------direction, while it reveals a finite spin splitting along the ΓK′M -------direction. In analogy to our discussion above, this different behavior is directly correlated to the orbital character of S2 along both high symmetry directions. In particular, S2 exhibits mainly dxy-, and dx 2 -orbital character along the ΓM′K -------direction (see Fig. 5 (f, top)) with only a neglectable contribution from s-orbitals preventing any spin splitting of S2. In contrast, the hybridization of d-and s-orbitals along the ΓK′M -------direction leads to a clear spin splitting for S2. Thus we conclude that the hexagonal warping of the Fermi contour for both S1 and S2 must be and intrinsic band structure effect of the SnAu2 surface alloy and is not induced by the existence of the herringbone reconstruction.
Turning to the unoccupied part of the band structure, we find that S3 and S4 originate contributions which results in a negligible splitting of the surface state 29 .
In the light of previous investigations of surface alloys, our findings for the SnAu2 surface alloy appear rather exceptional. We observe a significant spin-splitting of the hybrid surface state (S1) of (s, d)-orbital character despite the weak atomic SOC of the alloy atoms and the missing structural relaxation of the surface atoms Sn and Au. Both aspects are clearly different for other heavy metal-noble metal surface alloys such as Bi and Pb on Ag(111) and Cu(111) 13, 19, 21 for which the surface state is derived from s-and p-like orbitals and the Rashba-13 type spin-splitting is mediated by the large SOC of the heavy metal atoms and their vertical structural relaxation with respect to the surface plane.
In the wide family of surface alloys, we find the most similarities between our material system SnAu2 and the SnAg2 surface alloy. 18 The This finding is highly interesting since d-band induced Rashba type splitting has not been observed so far for surface alloys even though it is known for other material systems such as bare and adatoms covered metal surfaces 16, [84] [85] [86] [87] [88] . In this aspect, the Sn-Au adsorbate system investigated here opens a new avenue to extend our knowledge from (s, p) to (s, d) bandmediated Rashba-split states.
Conclusion
In this work, we have investigated the geometric and electronic structure of an ordered SnAu2 surface alloy on the Au(111) surface using a variety of experimental and theoretical techniques. The surface-, and orbital-projected band structure of the R3 phase of SnAu2/Au(111). Panels 
